1B). Therefore, these mutations in kaiC, which have a
In contrast to the results obtained in a LD12:12 environment, the apparent arrhythmic (CLAb) and damped major impact upon the circadian system, do not drastically affect the growth rate of these strains in pure cul-(CLAc) strains compete effectively with wild-type in constant light; both strains were maintained in the mixed tures [11] . When grown in competition, both CLAb and CLAc were out-competed by wild-type cells in LD12:12 population with wild-type cells at levels close to their starting proportions ( Figure 1C) . Interestingly, the procycles ( Figure 1C ). In comparison, CLAbR, a "rescued" strain in which the wild-type kaiC gene was restored in portion of CLAb increased significantly from its starting proportion in mixed populations with wild-type (rethe mutant, is not out-competed in mixed populations with wild-type cells in LD12:12 cycles ( Figure 1C ). This peated measures ANOVA, p ϭ 0.0119), implying that a normally functioning circadian clock may actually be a indicates that the mutation in the clock-specific gene kaiC, rather than a putative secondary mutation, is redisadvantage in a constant environment. The damped CLAc strain in mixed cultures with wild-type showed no sponsible for these phenomena. There is a significant difference in the kinetics of CLAb versus CLAc in compesignificant difference from the starting proportion in LL (p ϭ 0.1957). tition with wild-type cells in LD12:12 ( Figure 1C, Figure 1D ). Since the growth rate of CLAb in pure culture ( Figure 1B) does not vary by the ‫%02ف‬ fitness advantage seen, this is most likely an example of soft selection where the reduced fitness of one genotype is seen only under competition [12] . The "rescued" strain CLAbR shows an unexplained fitness advantage of ‫%5ف‬ over wild-type cells, but only in LD12:12 (w for wild-type is ‫.)59.0ف‬
In our previous work, we suggested that optimally phased cyanobacterial strains may secrete a diffusible factor that inhibits the growth of nonoptimally phased strains [10] . Our hypothesis provided the basis for a mathematical model that posited the rhythmic secretion of and rhythmic sensitivity to a growth inhibitor [13, 14] . The model made the prediction that less fit strains could compete effectively with more fit strains if the less fit strain were in a large enough excess (composing ‫-%06ف‬ 70%) in the starting populations [13, 14] . We tested this prediction with mixtures of the arrhythmic CLAb strain and wild-type; mixed populations were composed of ‫%57ف‬ (Figure 2A ) or ‫%09ف‬ ( Figure 2B ) CLAb cells. These proportions were selected because they were significantly larger than those predicted by the mathematical model to be at a bifurcating fraction ‫%07-%06ف(‬ [14] ). The mixed cultures were placed in either LL or LD12:12 conditions, and the composition of the populations was monitored for 25-40 generations. As expected, CLAb is maintained at or slightly above these absence of an LD cycle. (Figure 3) . Furthermore, these experiments show that strains lacking a functional circadian pacemaker have a low reproductive fitness when grown in a rhythmic environment (Figure 1 ). This disadvantage cannot be completely overcome even when these "clockless" cells greatly outnumber cells with a functioning circadian clock in the initial population (Figure 2) . The observation that a strain which shows a damped oscillation (CLAc) is able to compete more effectively than an apparently arrhythmic strain (CLAb) in LD cycles implies that a damped oscillator that is restimulated daily by the LD cycle is better than a disrupted oscillator (Figure 1) . Perhaps a damped oscillator can be entrained so that cellular events can be phased moderately well. Nevertheless, the damped oscillator is out-competed by wild-type in LD, which underscores why evolution appears to have favored sustained circadian oscillators over damped or hourglass oscillators for programming onset of the daily dark phase in LD, but maladaptive in constant light. Strains with a damped oscillator seem not to do better than wild-type in constant light, sugTherefore, the fitness advantage conferred by consogesting that their residual oscillator does not allow them nance between the circadian clock of a strain and the to take full advantage of the continuously available illuenvironmental cycle appears to be independent of the mination. Taken together, our results show that an intact specific cyanobacterial clock gene (kaiA, kaiB, or kaiC) clock system whose FRP is consonant with the environthat is mutated to produce the altered FRP ( Figure 3C) . ment significantly enhances the reproductive fitness of The fitness of the B22a and A30a strains relative to wildcyanobacteria in rhythmic environments; however, this type under the different growth conditions suggests that same clock system provides no adaptive advantage in the relative fitness of the less successful strain can be constant environments and may even be somewhat detas low as 0.85 (Table 1) To estimate the relative fitness of the different strains in competition, (chloramphenicol resistance); they were genetically engineered from we used a simple model that assumes that the selective pressure Synechococcus sp. PCC7942 by targeting a luxAB reporter under is constant throughout all phases of growth and at all population control of the psbAI promoter to a neutral site in the chromosome densities. In this model, the proportion of a strain in a subsequent [19] . From AMC149, strains B22a (FRP ‫22ف‬ hr), A30a (FRP ‫03ف‬ hr), generation, P tϩ1 , is related to the relative fitness of a strain, w, and C22a (FRP ‫22ف‬ hr), C28a (FRP ‫03ف‬ hr), CLAb (arrhythmic), and the proportion of that strain in the previous generation P t such that: CLAc (damped rhythm) were derived by ethyl methanesulfonate mutagenesis; all mutant strains are spectinomycin resistant [8, 10] . Strains A30a and B22a have point mutations in kaiA and kaiB, re-P tϩ1 ϭ wP t (wP t ϩ 1 Ϫ P t ) spectively, while C22a, C28a, CLAb, and CLAc have point mutations in kaiC; all mutations result in single amino acid changes [11] . Plating This is an iterative model that calculates the proportion for each efficiencies of these strains are equivalent [15, 18] . Circadian phenogeneration based on a given relative fitness. In Figure 1D , results types were determined by luminescence from a luciferase reporter are plotted every 10 generations. Competition results were fitted by [8, 19] .
eye to the best curve(s) of relative fitness generated by the model. The mutant kaiC allele in CLAb was replaced with the wild-type mixed. Samples from this mixed population were then immediately allele carried on the plasmid pAM1736 in a two-step "hit and run" plated so that the initial composition of the population could be procedure resulting in the rescued CLAbR (as described in [10] ). measured. For mixed cultures to be placed in LD cycles, the onset The plasmid pAM1736 was made by inserting a wild-type kaiC seof the light phase was initiated immediately after this first plating. quence into the vector pRL278, which carries a kanamycin resisMixed cultures in LL were diluted 1:30 and the composition of the tance gene and the sacB gene [21] . CLAb cells were washed with population sampled every 4 days; the cultures in LD cycles were 10 mM NaCl, resuspended in 1 ml BG-11 with ‫002ف‬ ng pAM1736, diluted 1:30 and sampled in the illuminated period of the cycle every and incubated at 30ЊC for 3-4 hr in darkness with gentle shaking. 8 days. For experiments in which one strain was given a starting 150 l of this culture was plated on BG-11 with kanamycin (20 advantage in the population, pure cultures were grown and diluted g/ml) to select for integration of pAM1736 by single crossover as described above, but the starting population was established by homologous recombination. Several kanamycin-resistant colonies mixing a proportionally greater volume of one diluted strain over were chosen at random, incubated in liquid BG-11, and then plated the other.
Culture Conditions Statistical Analysis of Competition Data
on BG-11 containing 5% sucrose without kanamycin to select for "loopout" of the plasmid, the reverse of the integration event. KanaDetermination of Composition of Populations mycin-sensitive colonies were screened to confirm the rhythmic under Competition expression of the luxAB reporter in the rescued CLAbR. The difference in antibiotic resistance between the mutant strains (spectinomycin) and the wild-type AMC343 (chloroamphenicol) was Acknowledgments used to score the composition of mixed cultures. At regular intervals, each mixed culture was plated onto six Petri dishes, with three We thank Drs. David McCauley and Jason Moore for assistance dishes of BG-11 containing spectinomycin (20 g/ml) and three with modeling and statistical analysis. This research was supported dishes of BG-11 containing chloramphenicol (7.5 g/ml) for growth by grants from the NIH (K02-MH01179, R01-GM67152) and the NSF in LL for 5-8 days. The number of colonies was then counted using (MCB-9874371). a CCD camera apparatus (Alpha Innotech, San Leandro, CA). As an independent confirmatory method, samples from mixed cultures were also plated on BG-11 lacking any antibiotics, and the circadian 
